Introduction
Amino peptides (AMPs) represent an evolutionary very ancient (>500 MY BP) immunological defence against microbes (Beisswenger and Bals, 2005; Pushpanathan et al., 2013) and are produced by all Metazoa, including cnidaria (Bosch, 2013) , protozoa, insects, amphibians and mammals (Conlon, 2015; Pasupuleti et al., 2012) as well as by plants (Salas et al., 2015) . AMPs belong to a unique and diverse group of molecules that are divided into subgroups on the basis of their amino acid composition, structure and mode of action (Yount and Yeaman, 2006) . AMPs consist of short sequences, usually between 12 and 50 amino acids but can be up to 100 residues, and be either anionic or cationic (Sitaram and Nagaraj, 2002) . AMPs act in the cytosol (e.g. inhibit DNA, protein syntheses and protein folding), while α-helix AMPs (α-AMPs) by dislocating key membrane lipids permeabilise and/or disrupt the bacterial cell membrane through their particular amino acid composition, amphipathicity, cationic charge and size that allow them to adhere to and insert into the membrane bilayer (Nguyen et al., 2011) . Bacterial membrane is rich in negatively charged phospholipids, such as phosphatidylglycerol and cardiolipin, which interact with the positively charged α-AMPs. For their intrinsic antibiotic nature, natural AMPs have been extensively studied. Generally, α-AMPs are not toxic to human cells because eukaryotes have membrane lipid composition significantly different from bacterial membrane. Interactions of α-AMPs with membrane is a multi-step process (Barrel-stave, toroidal and carpet) (Wenzel et al., 2014 ) that includes a highly dynamic 'landing' phase on a bacterial membrane that causes membrane perturbation, pore formation and eventually membrane disruption. However, because bacterial membrane structure and composition are very complex and play a central part of bacterial physiology, their interaction with α-AMPs is rather intricate. In recent years, α-AMPs have represented an alternative to the classical antibiotics. However, a consensus sequence from the over 2000 known AMPs has not been identified (Mátyus et al., 2007; Waghu et al., 2014) . Prediction of a sequence with potential antimicrobial activity did not succeed so far, considering that a 15 aa-long AMP is one of 20 15 different possible peptide sequences. Although it is recognised that a specific amino acid sequence and its 3D conformation are critical (Bowie, 2005) , all efforts to predict active AMP sequences have been unsuccessful.
Membrane proteins reside in a complex environment where they are surrounded by many different lipid classes that act as cofactors for a number of membrane proteins by stabilising their structures (Bowie, 2005) . The lateral organisation of cell membranes is created by clustering specific lipids in highly condensed regions (Vigh et al., 2007) . Such areas are distinct from other regions of the membrane owing to their lipid structure (liquid-ordered vs liquiddisordered domains) as observed by two-photon (Gaus and Zech, 2006) and atomic force microscopy (Johnston, 2007) . The characteristic physical and functional properties of specific lipids in membranes reflect their special organisation, while the composition and properties depend on differential partitioning of membrane components between liquidordered and liquid-disordered lipid environments (Silvius, 2005) . Transmembrane proteins have different affinities for different lipids; thus, lipids or members of particular lipid classes may become enriched around certain proteins. Such differences in affinity may be due to specific interactions with lipid head groups or lipid acyl chains (Vigh et al., 2005) .
Previously, we have demonstrated that insertion of Synechocystis sp. PCC 6803 Δ 12 -desaturase protein in salmonella's membrane alters membrane physical state (MPS) along with the expression of several stress genes causing loss of the ability of salmonella to adapt to the hostile environment present inside MΦ and to infect and multiply within those cells (Porta, 2010) . Moreover, we demonstrated that the expression of one of the two membrane-spanning domains (ORF200) of the Synechocystis Δ
12
-desaturase protein in the modified salmonella Stm(pBAD200) strain interferes with pathogen's membrane lipid domain (MLDs), causing attenuation of virulence in mice that developed protection from systemic infection when injected with virulent wild-type salmonella (Porta et al., 2014) .
Altogether, our previous results suggested that peptides derived from evolutionary distant bacteria (Synechocystis) intercalate into membrane and alter MPS and the pattern of stress gene expression controlled by membrane sensors.
We have now postulated that an active α-AMP sequence can be generated by modifying the amino acid sequence of specific transmembrane regions of a known membrane sensor. By altering key amino acids, we showed that it is possible to address it to a functional MLD in which the selected membrane sensor resides. We chose as target one of the transmembrane domains of PhoQ protein that is part of the salmonella PhoP/PhoQ two-component regulatory system (Zwir et al., 2005) . PhoQ is the auto-phosphorylating kinase sensor that monitors intracellular low Mg 2+ . Phosphorylated PhoQ then transphosphorylates the response regulator, PhoP, which in turn binds DNA and regulates transcription of specific sets of virulence-related genes. We tested the hypothesis that a peptide mimicking a target transmembrane region of a key membrane sensor, and containing part of the amino acid sequence needed by the native protein to intercalate within membrane, may interfere with its activity within its MLD. Thus, the synthetic peptide may act by competing for the same MLD used by the natural protein.
In the amino acid sequence of NUF, 5 tryptophan replaced 3 alanine and 2 glycine, while all other amino acids were retained so that the obtained sequence would likely still insert in the MLD where PhoQ of salmonella resides. If so, we predicted that NUF would destabilise locally the interactions of PhoQ with the specific phospholipids in which the protein is integrated and become less functional.
Results

Heterologous expression of PHOQ and NUF in salmonella
To test the effect of the expression of PHOQ and NUF (see Experimental procedures) on salmonella growth, Stm (pBAD), Stm(pPHOQ) and Stm(pNUF) strains were grown at 37°C in RM minimal medium supplemented with 2% L-(+)-arabinose. Growth rates were monitored up to 8.5 h. Expression of PHOQ had no effect on bacterial growth, while only a slight difference was observed between Stm(pNUF) and Stm(pBAD) growth rate (Fig. 1) .
Murine macrophage infection with salmonella
Adhesion and internalisation inside host cells were monitored by infecting MΦ with Stm(pBAD) or Stm(pNUF). Bacterial strains were grown at 37°C in minimal medium supplemented with 2% arabinose and used to infect MΦ. Fig. 2A shows that Stm(pNUF) lost significantly the ability to infect and persist inside MΦ compared with control strain Stm(pBAD). In particular, the expression of NUF determined a reduction of about 80% of bacteria recovered after MΦ lysis 80 min post-infection, compared with the number of bacteria recovered using Stm(pBAD) (Fig. 2B ).
Mice infection
To investigate the effects of NUF expression on the ability to cause infection, we injected late log phase of Stm(pNUF) cells intravenously into C57Bl/6j mice (1 × 10 3 cells/mouse).
Survival rate was monitored and compared with that of mice injected with Stm(pBAD) or salmonella wt (n = 10/group). Mice receiving pyrogen-free NaCl/Pi intravenously were used as control. Mice infected with Stm(pBAD) and wt salmonella died within 7 days post-infection, while mice that received Stm(pNUF) survived up to 31 days (Fig. 3) .
RNA deep sequencing
Because at the onset of infection, the coordinated regulation of salmonella gene expression is a key process for adaptation, survival and virulence, we investigated whether NUF was responsible for changes in the pattern of expression of genes regulated directly or indirectly by PhoP/PhoQ sensor. We chose the histidine kinase sensor PhoP/PhoQ as a potential target for a synthetic α-AMP because its activation, mediated by low Mg 2+ concentration, induces the expression of virulence genes in the early phases of MΦ infection. We analysed the entire transcriptomes of Stm(pBAD), Stm (pBAD200) and Stm(pNUF) strains by RNA-Seq to investigate the global effects of ORF200 and NUF on pathogen's virulence and, in particular, on the transcription of PhoP/PhoQ-dependent genes. Total RNA was extracted from strains grown both in low (10 μM) and high (10 mM) Mg 2+ (the former mimicking the low concentration of the divalent cation inside MΦ when PhoQ is activated and the latter mimicking the external concentration of Mg 2+ when
PhoQ is repressed) (Kato and Groisman, 2008) . We focused our study on sets of genes known to be transcriptionally activated by PhoP/PhoQ whose products are directly involved in virulence potential (e.g. flagellar proteins, SSP1 and SSP2 proteins and key antigens) as well as genes necessary for adaptation such as those coding for lipid biosynthesis, stress-related proteins and those involved in cell wall biosynthesis. We compared genes activated or repressed by PhoP in Stm(pNUF) and Stm(pBAD200) with control strain Stm(pBAD). The expressions of the selected genes were grouped into distinct clusters and built the corresponding heatmaps (HM) (Fig. 4) .
To ease the reading of the text, we used the following abbreviations: Stm(pBAD)M, Stm(pNUF)M and Stm (pBAD200)M stand for strains grown in high Mg 2+ (10 mM), while Stm(pBAD)m, Stm(pNUF)m and Stm(pBAD200)m strains grown in low Mg 2+ (10 μM). Figure 4A shows the HMs of 46 genes whose products are involved in the synthesis and assembly of the salmonella flagellum. Flagellar genes are organised in a transcriptional hierarchy to the top of which lies the flagellar master operon flhDC whose transcription is influenced by a number of global regulatory signals (Frye et al., 2006) . As expected, in Stm(pBAD)m, both flhD and flhC were downregulated (more than À2.0 folds) compared with Stm(pBAD)M (Fig. 4A ). Moreover, in both Stm(pNUF)M and Stm (pBAD200)M, transcript levels of flhDC were downregulated (ranging from À1.8 to À4.3 folds) compared with Stm(pBAD) M (Fig. 4A ). Consequently, all members of the class 2 flagellar genes needed for the structure and assembly of the hook-basal body (HBB) were significantly less efficiently transcribed in both Stm(pNUF)M and Stm(pBAD200)M strains compared with Stm(pBAD)M control strain. and Stm(pNUF) grown at 37°C in RM minimal medium containing 0.4% glucose as a sole carbon source were inoculated in fresh RM minimal medium containing 2% L-(+)-arabinose to induce transcription of PhoQ and Nuf sequences from the P BAD promoter. PHOQ had no significant effect on bacterial growth, and Stm(pNUF) showed only a slight difference in growth compared with the control strain Stm(pBAD).
Flagellum-related genes
Transcription of HBB genes in salmonella is regulated by the heteromultimeric complex FlhD 4 C 2 that is antagonised by the flagellar protein FliT, which functions at the same time as a regulator and as a chaperone. As a regulator of flagellar expression, FliT binds to FlhC as part of the FlhD 4 C 2 complex and inhibits its activity (Hung et al., 2012) . As a chaperone, FliT interacts directly with several flagellar proteins, including FliD, FliI and FliJ, preventing their prematuration and aggregation within the bacterial cytoplasm facilitating flagellar assembly. fliT transcript levels are detected at comparable level in all three salmonella strains (Fig. 4A ). The transcription of flagellar class 2 genes is positively regulated by FliZ, via the repression of YdiV, an anti-FlhD 4 C 2 factor (Kutsukake et al., 1999) . Moreover, FliZ activates HilD that leads to the stimulation of SPI-1 gene expression (Chubiz et al., 2010; Hung et al., 2012) . fliZ transcript levels were downregulated ca. À3.0 folds in both Stm(pNUF)M and Stm(pBAD200)M strains compared with Stm(pBAD)M control.
In addition to structural genes, a number of regulatory proteins are also produced within the class 2 flagellar genes, including fliA (a sigma transcription factor that directs RNA polymerase to transcribe genes containing the flagellar class 3 promoters) and flgM (an anti-sigma factor) (Chadsey and Hughes, 2001) . In both Stm(pNUF)M and Stm(pBAD200)M strains, fliA was downregulated ca. À3.0 folds compared with Stm(pBAD)M, while flgM was expressed in all strains at comparable levels ( Fig. 4A) .
Upon completion of the assembly of HBB, late secretion substrates that include flagellin, either FliC (phase 1 flagellin) or FljB (phase 2 flagellin), are synthesised. The two flagellin genes, fliC and fljB, are expressed alternately: in phase 2 cells, FljA binds to fliC mRNA, inhibiting its translation, and facilitates its degradation (Yamamoto and Kutsukake, 2006) . Both FliC and FljB flagellar proteins induce protective immune response against salmonella infection (Eom et al., 2013) . We show that fljB and fliC expressions in Stm(pNUF) are comparable with that of Stm(pBAD) in both growth conditions. However, fljB expression is upregulated in Stm (pBAD200)M and Stm(pBAD200)m compared with Stm (pBAD)M and Stm(pBAD)m (+3.5 folds and +2.7 respectively), while fliC is downregulated (À3.8 and À8.3 folds respectively).
SPI-1 related genes
The HMs of SPI-1 related genes are reported in Fig. 4B . Invasion of epithelial cells requires the type III secretion system 1 encoded by SPI-1. The expression of hilA, the key regulator of SPI-1 gene expression, is negatively affected by PhoP-PhoQ (Baxter and Jones, 2015) . As expected, we found that hilA was downregulated (À6.3 folds) in the control Stm(pBAD)m strain compared with Stm (pBAD)M (Fig. 4B) . On the contrary, in both Stm(pNUF) and Stm(pBAD200) strains, both at high and low Mg 2+ concentrations, hilA was always expressed at the same level (ca. 20 reads) present in Stm(pBAD)m when low Mg 2 + concentration downregulates it (Fig. 4B ). In contrast, in Stm(pBAD)M, hilA has an expression value of 156 reads (Fig. 4B) . One of the operons directly activated by HilA contains invF gene, which in turn stimulates the expression of TTSS-1 effectors encoded both inside and outside SPI-1 (32). However, in Stm(pBAD)m and in Stm(pBAD200)m, invF was downregulated compared with Stm(pBAD)M and in Stm(pBAD200)M (À3.3 and À1.5 folds respectively), while in Stm(pNUF), invF expression did not change in the two growth conditions (Fig. 4B) . When PhoP is phosphorylated by PhoQ, it becomes active, functioning as a transcriptional regulator of PhoP-activated and PhoP-repressed genes, including TTSS-1 genes that are repressed when salmonella resides within MΦ. We found that in Stm(pNUF) and Stm(pBAD200) strains, the expression of both phoP and phoQ genes was downregulated compared with Stm (pBAD) control strain. In particular, when salmonella strains were grown in high Mg 2+ concentration, the downregulation ranged from À2.0 to À3.5 folds, while when salmonella strains were grown in low Mg 2+ concentration, the downregulation ranged from À1.2 to À1.7 folds (Fig. 4B) . Two additional regulators, HilC and HilD, activate directly the expression of hilA and the invF operon, independently of HilA (Dieye et al., 2007) . Comparing the transcript levels of all three salmonella strains grown in 10 μM Mg 2+ against 10 mM Mg 2+ , we found that hilC was downregulated (ca.
À2.0 folds) in both Stm(pBAD)m and Stm(pNUF)m strains, while it was upregulated (+1.3 folds) in Stm(pBAD200)m strain (Fig. 4B) . Furthermore, hilD was downregulated À3.0 folds in Stm(pBAD)m and slightly downregulated (À1.2 folds) in Stm(pBAD200)m (Fig. 4B ). No change in the level of hilD transcription was detected in Stm(pNUF) strain (Fig. 4B ). All together, our data suggest that the expression of SPI-1 is dysregulated in both Stm(pNUF) and Stm(pBAD200) strains. Moreover, it has been demonstrated that there is a cross-regulation network between SPI-1 and the flagellar system (Chubiz et al., 2010; Singer et al., 2014) .
SPI-2 related genes
Once salmonella resides inside salmonella-containing vacuoles (SCVs), the expression of SPI-2 genes is required for virulence. The HMs of SPI-2 related genes are reported in Fig. 4C . The expression of SPI-2 TTSS genes is dependent on ssrA-ssrB, a two-component regulatory system encoded within SPI-2 (Lee et al., 2000) . ssrAB were upregulated in Stm(pBAD)m and in Stm(pBAD200)m compared with strains grown in high Mg 2+ concentration; on the contrary, in Stm(pNUF)m strain, ssrAB were downregulated compared with Stm(pNUF)M (Fig. 4C) . Efficient transcription of ssrAB requires the presence of two-component system OmpR-EnvZ that acts as sensor for low osmolarity and low pH (Lee et al., 2000) . The global regulator OmpR regulates positively SsrAB directly by binding to the ssrA promoter. In Stm(pNUF) and in the control Stm(pBAD), we found comparable levels of ompR transcript (from 10 to 13 reads) in both Mg 2+ concentrations, while in Stm(pBAD200)M, ompR transcript was upregulated more than 2.0 folds compared with Stm(pBAD)M and Stm (pNUF)M strains (Fig. 4C ). In addition to ssr genes, we analysed genes of the secretion system apparatus (ssa), the secretion system chaperones (ssc) and the secretion system effectors genes (sse). In both Stm(pNUF) and Stm(pBAD200) strains, most of those genes were dysregulated or transcribed at very low levels compared with Stm(pBAD) control strain (Fig. 4C) . For example, in Stm(pNUF) ssaB (required for translocation and secretion of SseB and SseC; Freeman et al., 2002) , ssaC and ssaD were present at levels ranging from 0.3 to 2.2 reads, while in Stm(pBAD), the same genes were present at levels ranging from 2.0 to 8.0 reads (Fig. 4C) .
In addition, several proteins secreted through the SPI-2 TTSS, among which SseB, SseC and SseD that are required for translocation of SPI-2 effector proteins (es. SspH2 and SseJ) into infected mammalian cells, were also dysregulated (Fig. 4C) .
Because all system components are likely to be present simultaneously and the assembly order largely depends on mutual affinities and kinetics of protein-protein interactions, the transcript analysis of SPI-2 genes, overall, shows that all components of the TTSS-2 were not transcribed as in the control Stm(pBAD) strain. This suggests that expression of NUF or ORF200 caused a reduced efficiency of the assembly of these proteins and/or decreased complex stability of the TTSS-2.
Antigens
The two-component regulatory system OmpR-EnvZ responds to changes in osmolarity and regulates the expression of the antigenic porin proteins OmpF and OmpC (Lee et al., 2000) . Further, as mentioned previously, OmpR is a direct transcriptional activator of ssrAB, a two-component regulatory system that activates SPI-2 gene transcription (Lee et al., 2000) . In all three strains grown in low Mg 2+ concentration, ompR was transcribed at comparable levels (Fig. 4D) . Although comparing growth in high to low Mg 2+ , envZ was slightly downregulated in all three strains (À1.2 folds) (Fig. 4C) , and in Stm(pNUF), its level of transcription was very low (4.1 reads in high Mg 2+ and 3.3 reads in low Figure 4D shows that while ompF transcription was downregulated in Stm(pNUF) and in Stm(pBAD200) strains compared with the control strain in both Mg 2+ concentrations, ompC was strongly upregulated ca. 30.0 folds in Stm(pBAD200)M compared with control Stm(pBAD)M and 8.2 folds in Stm(pBAD200)m compared with control Stm(pBAD)m strain. This is a significant finding because it has been shown that OmpC mediates adhesion of salmonella to MΦ, participating in the process of hostbacteria recognition by phagocytic cells (Negm and Pistole, 1999) . Further, iroN, cirA and fepA were also significantly upregulated in both Mg 2+ concentrations (between +2.0 and +3.6 folds) in Stm(pBAD200) compared with control Stm(pBAD) strain (Fig. 4D) . Previous studies have shown that the siderophores IroN, CirA and FepA are strongly immunogenic, and when injected individually, they confer extended survival after challenge infection in BALB/c mice (Barat et al., 2012) . Thus, the strong upregulation of iroN, cirA and fepA in Stm(pBAD200), along with the overall alteration of the pattern of expression of virulence genes, explains our previous finding that Stm(pBAD200) strain conferred full protection when injected in C57Bl/6j mice (Porta et al., 2014) .
Lipids
In bacteria, the intermediates of the fatty acid pathway are covalently bound to acyl carrier protein (ACP) (Cronan and Thomas, 2009 ), while precursors of fatty acid biosynthesis derive from the acetyl-CoA pool. In all the elongation steps, malonyl-CoA is required and is then converted to malonyl-ACP by malonyl-CoA:ACP trans-acylase (FabD). We analysed transcript levels of all three salmonella strains, comparing the amount detected when grown in 10 μM Mg 2 + and in 10 mM Mg 2+ . Figure 4E shows the HMs of lipids related genes. In Stm(pBAD)m strain, fabD was downregulated (À1.6 folds) compared with Stm(pBAD)M, while in Stm(pBAD200)m, fabD was upregulated (+1.6 folds) compared with Stm(pBAD200)M (Fig. 4E ). Interestingly, fabD transcript level did not change in Stm(pNUF) strain, suggesting that saturated and unsaturated fatty acid (UFAs) content remains constant at both Mg 2+ concentrations.
Similarly, the two genes involved in the first step of the fatty acid elongation cycle, fabB (3-ketoacyl-ACP synthase I) or, alternatively, fabF (synthase II) that catalyse the Claisen condensation of malonyl-ACP with a growing acyl chain, were downregulated (À1.8 and À1.9 folds respectively) in Stm(pBAD)m compared with Stm(pBAD)M but are upregulated (+1.3 and +1.5 folds respectively) in Stm(pBAD200)m strain compared with Stm(pBAD200)M (Fig. 4E) . Further, although fabB was downregulated (À1.4 folds) in Stm (pNUF)m compared with Stm(pNUF)M, those genes were expressed at significantly lower levels in both growth conditions when compared with the expression in Stm(pBAD). In particular, fabB was downregulated À2.0 folds in Stm (pNUF)M compared with Stm(pBAD)M and À1.7 folds in Stm(pNUF)m compared with Stm(pBAD)m. fabF in Stm (pNUF)M was downregulated (À1.8 folds) compared with Stm(pBAD)M, while it is just À1.1 folds when strains were grown in 10 μM Mg 2+ (Fig. 4E) . The reaction catalysed by FabB or FabF is the only irreversible step in the fatty acid elongation cycle; thus, it is not surprising that 3-ketoacyl-ACP synthase (FabB) plays key roles in regulating the quantity of each intermediate of the elongation pathway. The product of FabB, the 3-keto-thioester, is reduced by FabG, followed by removal of a water molecule by FabZ. The final reduction step is catalysed by FabI to produce acyl-ACP, which is utilised as a substrate for a further round of elongation. fabZ transcript level did not change in Stm(pNUF)m compared with Stm(pNUF)M, while it is downregulated (À1.7 folds) in Stm(pBAD)m compared with Stm(pBAD)M and slightly upregulated (+1.2 folds) in Stm(pBAD200)m compared with Stm(pBAD200)M (Fig. 4E) . Moreover, fabI was downregulated (À1.4 folds) in Stm (pBAD)m compared with Stm(pBAD)M, while it was not regulated in both Stm(pNUF) and Stm(pBAD200) strains (Fig. 4E) . During fatty acid elongation, FabA (3-hydroxydecanoyl-ACP dehydrase) introduces a cis double bond to the growing fatty acid chain to form UFAs (Cronan and Thomas, 2009 ). Interestingly, fabA was downregulated about À2.0 folds in both Stm(pBAD)m and Stm(pNUF)m strains, while fabA was upregulated (+1.9 folds) in Stm(pBAD200)m, suggesting that this strain has more fluid membrane for the presence of higher amount of UFAs when grown in an environment mimicking the MΦ.
Because a more fluid membrane is tightly coupled to transcription of stress genes, we analysed dnaK, ibpA and ibpB in our strains: present data support our early findings (Porta, 2010) . In Stm(pBAD200)m, dnaK, ibpA and ibpB are upregulated compared with Stm(pBAD200)M (+3.6, +4.5 and +8.0 folds respectively), while the same genes were downregulated in Stm(pBAD)m and Stm(pNUF)m. More specifically, in Stm(pBAD)m, dnaK, ibpA and ibpB were downregulated À3.5, À1.1 and À1.4 folds compared with Stm(pBAD)M; similarly, in Stm(pNUF)m, values were À7.3, À4.2 and À3.6 folds compared with Stm(pNUF)M. Furthermore, it must be pointed out that the absolute values of dnaK, ibpA and ibpB transcripts in Stm(pBAD200)m were extremely higher (400, 93 and 143 reads) compared with Stm(pBAD) m control strain (58, 18 and 10 reads). Therefore, the more fluid membrane of Stm(pBAD200)m caused an increase of stress genes transcription, particularly IbpA and IbpB, that are known to protect membrane when they become too fluid under heat stress condition (Horváth et al., 1998; Tsvetkova et al., 2002) .
Discussion
Owing to the increasing number of bacterial strains resistant to classical antibiotics and for the lack of novel antibacterial molecules, new alternative strategies must be developed. One of the potentially important alternative approaches to the use of traditional antibiotics has been the utilisation of AMPs of animal origin. These molecules represent the fundamental line of defence of all primitive animals in which cell-mediated immunity had not evolved, because it was only in jawed fish (ca. 420 MY BP) that adaptive immunity and immunological memory have appeared. Since their discovery, many procedures to design synthetic amino acid sequences with improved antimicrobial activity have been attempted but failed for the complexity of the interactions of their structures with target molecules. The modes of action of α-AMPs that alter membrane functionality are particularly interesting for their interaction not only with membrane proteins but also with lipid membrane. Different α-AMPs kill bacteria through different modes of action that include membrane leakage and/or membrane rupture. Previously, we demonstrated that the expression in salmonella of a peptide that is part of transmembrane region of a desaturase enzyme of Synechocystis arrested growth. More importantly, the strain expressing such peptide conferred full protection when injected into mice (Porta et al., 2014) . We postulated that α-AMPs may insert into membrane bilayers either non-specifically or specifically and, by altering membrane functionality, would change the pattern of gene expression. This is of particular interest in the case of pathogens such as salmonella when, at the onset of infection, induce specifically genes involved in the establishment of infection, colonisation and disease. The genus Salmonella represents a group of Gram-negative facultative intracellular pathogenic bacteria associated with an estimated 1 million deaths world-wide every year.
Salmonella replicates within membrane-bound compartments commonly referred to as salmonella SCVs in host cells. The mode of entry and the strategies to survive inside SCVs and the cytotoxicity of salmonella depend, among others, on the ability to sense the surrounding microenvironment by salmonella that, accordingly, regulates the expression of virulence genes. This capability depends mainly upon two-component systems that, by sensing changes in the environment, regulate the expression of acid tolerance and major virulence genes such as those required for invasion, intracellular survival and resistance to AMPs. One of the most studied two-component systems is the salmonella PhoP/PhoQ sensor that is activated in response to low Mg 2+ , starvation and low pH (conditions that reflect the environment present within vacuoles of MΦ) (Mascher et al., 2006) . By binding divalent cations, PhoQ, which resides in the bacterial inner membrane, is activated within acidified phagosomes and host tissues by autophosphorylation in a conserved histidine residue of the cytoplasmic domain. The phosphate group is subsequently transferred to an aspartate on PhoP that in turn becomes activated and binds to promoters containing a 'PhoP box' controlling the expression of phoP-activated and phoP-repressed genes (Prost and Miller, 2008) .
Although an effective strategy to design synthetic peptides has never been attained, we tested the hypothesis that a transmembrane peptide may not only cause a general alteration of membrane but could also destabilised specific membrane regions that contain key lipid/protein aggregates involved in cell signalling (e.g. PhoP/PhoQ). Therefore, the antimicrobial activity of a transmembrane peptide would be due to the perturbation of local lipid/protein interactions. We hypothesised that a peptide might compete for a similar sequence that is part of a transmembrane region: accordingly, we replaced in NUF 3 alanine and 2 glycine with 5 tryptophan of PhoP/PhoQ of salmonella. Although we do not have direct evidence that NUF does intercalate with PhoQ, we analysed the entire transcriptome of salmonella expressing NUF [Stm(pNUF)] and compared it with control cells [Stm (pBAD)]. Both bacterial populations were analysed in the presence of low and high Mg 2+ concentrations, thus mimicking the condition present inside and outside MΦ. It is worth mentioning that the patterns of gene expression of Stm(pNUF) and Stm(pBAD200) differ significantly. For example, several genes involved in lipid biosynthesis were dysregulated or upregulated in Stm(pBAD200)m compared with Stm(pBAD200)M cells, while it was downregulated or slightly downregulated in Stm(pNUF)m compared with Stm (pNUF)M expressing cells (Fig. 5) . Furthermore, genes such as HilD and InvF, which are part of PhoQ-PhoP membrane sensor signalling, are upregulated in Stm(pNUF)m compared with Stm(pBAD)m and downregulated in Stm (pBAD200)m compared with Stm(pBAD200)m cells. On the contrary, antigens (e.g. OmpC, IroN, CirA and FepA) are upregulated in Stm(pBAD200) compared with Stm (pBAD), both at high and low Mg ++ , while the same are downregulated in Stm(pNUF) compared with Stm(pBAD), both at high and low Mg ++ (Fig. 6 ).
The presented data strongly support our model showing that the synthetic peptide NUF likely binds PhoP/PhoQ system, thereby altering the pattern of expression of genes controlled by this sensor. In addition, our approach also suggests that it is possible to design a peptide sequence that mimics a transmembrane region of a membrane sensor, altering its functionality and opening the way to a novel approach to the synthesis of effective synthetic α-AMPs.
Experimental procedures
Bacterial strains and growth conditions
The oligo PhoQ 5′-CCATGGCGTCGCTGCGGGTTCGTTTTTT GCTGGCGACAGCCGGCGTCGTGCTGGTGCTTTCTTTGGCAT-ATGGCATAGTGGCGCTGGTCGGCTATAGCGTAAGTTTTGAT-TAATAACTGCAG -3′ the oligo (coding for MASLRVRFLLATAGVV LVLSLAYGIVALVGYSVSFD), and the oligo NUF 5′-CCATGGCGTCGCTGCGGGTTCGTTTTTTGCTGTGGACATGG-GGCGTCGTGCTGGTGCTTTCTTTGTGGTATTGGATAGTGGC-
GCTGGTCTGGTATAGCGTAAGTTTTGATTAATAACTGCAG -3′
(coding for MASLRVRFLLWTWGVVLVLSLWYWIVALVWYS VSFD), were cloned into pBAD/Myc-His A vector, in NcoI and PstI restriction sites (GENECUST EUROPE custom services, Laboratoire de Biotechnologie du Luxembourg S.A.), yielding plasmid pPHOQ and pNUF respectively. The two recombinant vectors were then used to electroporate salmonella typhimurium (Porta et al., 2014) to obtain Stm(pPHOQ) and Stm(pNUF) strains. A control strain, Stm(pBAD), carrying the pBAD vector was also constructed. Salmonella strains were routinely cultured on LB agar or Salmonella-Shigella agar (SSA, Biolife, Milano, Italy) supplemented with 100 μg ml À1 ampicillin (Amp 100 ) (Sigma-Aldrich) and incubated o.n. at 37°C. 
Bacteria electroporation
Bacteria electroporation was performed as reported previously (Porta et al., 2010) . Briefly, bacteria (OD 600 = 0.5-0.7) were incubated at 4°C for 30 min, pelleted, washed and resuspended in ice-cold 10% (wt/wt) glycerol (125 μl in every 100 ml of the starting culture). Forty microliters of electro-competent cells was mixed with 1.0 μg of DNA and then pulsed using a Bio-Rad gene pulser set at 2.5 kV, 25 μF and 200 Ω. Immediately after electroporation, 500 μl of LB broth was added, and bacteria were incubated at 37°C for 30 min. Subsequently, 150 μl of aliquots was spread on LB agar plates containing Amp100 and incubated o.n. at 37°C. 
Infection of mice
Female C57Bl/6j mice were purchased from Harlan Laboratories (Udine, Italy) and maintained in a pathogen-free facility. Late log phase of Stm(pBAD) and Stm(pNUF) grown at 37°C in RM minimal medium supplemented with 2% L-(+)-arabinose were used to inoculate intravenously 6-to 8-week-old mice (1 × 10 3 bacteria/mouse). Control mice received NaCl/Pi or 1 × 10 3 cells of salmonella wt. Bacterial doses were confirmed by counting cfus.
Mice were monitored for survival. 
RNA extraction
Total RNA was isolated as previously reported (Porta et al., 2014 
RNA sequencing
Indexed libraries were prepared from 2 μg/ea purified RNA using
TruSeq mRNA Sample Prep Kit (Illumina) according to the manufacturer's instructions. Libraries were quantified using the Agilent 2100
Bioanalyzer (Agilent Technologies) and pooled such that each index-tagged sample was present in equimolar amounts, with a final concentration of the pooled samples of 2 nM. The pooled samples were subject to cluster generation and sequencing on Illumina GAIIx System 1 × 36 bp or on Illumina HiSeq2500 2 × 100 bp at a final concentration of 8 pmol.
Bioinformatic analysis
The raw sequence files generated (.fastq files) underwent quality control analysis using FastQC v.0.11.2 (http://www.bioinformatics. babraham.ac.uk/projects/fastqc/), and the quality checked reads were then aligned to the reference genome (Salmonella enterica subsp. enterica serovar Typhimurium str. LT2, assembly: GCA_000006945.1) using bowtie2 v.2.2.4 (Langmead and Salzberg, 2012) with standard parameters.
Using the reads mapped to the genome, HTSeq-count was utilised to calculate the expression values of each transcript (Anders et al., 2015) . A given gene was considered expressed when detected by at least ≥10 reads. Differentially expressed transcripts were identified using DESeq version 1.20.0 (Anders and Huber, 2010) . The raw read counts were used as input to DESeq for calculation of normalised signal for each transcript in the samples, and differential expression was reported as fold change along with 
Statistical analysis
All statistical differences were evaluated by either Student's t-test or ANOVA one-way analysis of variance as appropriate. To assess survival rate, the Kaplan-Meier model was used, and comparison of survival between groups was performed using the log-rank test with PRISM4 software (GraphPad Software, La Jolla, CA, USA). A P-value < 0.05 was considered statistically significant.
